Abstract: Conventional non-imaging receiver for multiple-inputmultiple-output (MIMO) visible light communications (VLC) systems always suffer from the problem of ill-conditioned channel matrix due to the high correlation among sub-channels. So in this paper, a deflected field-of-views (FOVs) receiver for MIMO VLC system is proposed to reduce the correlation and also have a compact planar structure. The receiver has a diaphragm with several apertures to cover the planar array of photodetectors (PDs), so each PD will own different deflected FOV. Considering the diversity of sub-channels, the precoding method and water-filling algorithm are applied at the transmitters to achieve higher data rate or lower power consumption. In the simulation, the optimal structure parameter of the receiver is demonstrated, and the BER performance of the receiver is also verified, where DC-biased Optical orthogonal frequency division multiplexing (DCO-OFDM) is applied. The results show that the precoding method can significantly improve the system performance and is therefore, perfectly suitable for the deflected FOVs receiver in MIMO-VLC systems.
INTRODUCTION
Recently, visible light communications (VLC) has attracted much interest due to the rapid growth of light emitting diode (LED) industry, the high penetration of LED and the increasing demand for indoor wireless data transmission [1, 2] . Orthogonal frequency-division multiplexing (OFDM) is widely considered as an effective modulation for VLC to achieve high speed transmission [3] . Commonly, several LEDs would be installed separately on the ceiling for indoor illumination, the light signal from more than one LED can be received simultaneously using multiple-input-multiple-output (MIMIO) VLC technology [4] . Therefore, many researchers have focused on the study of MIMO VLC system [5] - [6] . However, in the traditional MIMO VLC system, the subchannels between each LED and different PDs are highly correlated [7] , thus novel design on receivers are needed to eliminate the correlation among sub-channels.
The receiver of the MIMO VLC system is mainly generalized into two categories: the imaging receiver and the non-imaging receiver. For the imaging receiver, due to the use of imaging lens, the signal lights from different directions can be separated efficiently. And each signal light is received by only one PD of the receiver. As a result, the channel matrix can be of full-rank and the multiplexing gain is extremely high. An experiment demonstration of a 4 9 imaging MIMO VLC system is reported [8] using OFDM modulation for each subchannels to achieve Gbps throughput. In addition, a 1.25 Gbps imaging MIMO VLC system [9] is demonstrated based on RGB LEDs and wavelength division multiplexing (WDM) modulation. However, imaging MIMO VLC systems require such strict optical alignment for separating different light signal, which results in bad mobility and narrow field-of-view (FOV), because once the receiver is moved or spun, the alignment requirement of the signal light may be not satisfied any more. As for the non-imaging receiver, since the channel gain changes slowly as a function of the receiver position, the PDs need to be placed very widely in case of the high correlation among sub-channels. A 4 4 non-imaging MIMO VLC system is demonstrated [10] with a 50 Mbps data rate, where the PDs are uniformly spread 20 cm apart to ensure adequate spatial diversity. Then a 500 Mbps 2 2 non-imaging MIMO VLC experiment is reported [11] with the distance of 10 cm between two PDs. These system adopt planar array of PDs to receive all of light signal without imaging lens, which has the benefit of system simplicity and receiver mobility. However, the PDs placed too widely are not fit for compact design and small devices.
In order to achieve a compact non-imaging MIMO receiver, a number of new structures are proposed. Several angle diversity receivers [12] - [13] are designed to achieve wellconditional channel matrix, in which each PD locates with different orientation angles. The angle diversity receivers have better-conditional channel matrix and bit-error-ratio (BER) performance than conventional planar receiver. But their three-dimensional structures have some limitation for application. In addition, a receiver with prism array is described [14] , which uses an array of prisms to form channel matrix that can achieve better angular diversity. In 2017, an aperture-based receivers [15] are proposed to provide the excellent angular diversity using a compact planar structure. It used both linear and nonlinear equalizers at the receiver. Only channel state information unknown at transmitter (CSIUT) is considered in this paper, so we extend the feature and consider the channel state information known at transmitter (CSIT) scenario applying the precoding method and waterfilling algorithm for MIMO VLC system.
Fig. 1. The structure of deflected FOVs receiver
In this paper, we proposed a deflected FOVs receiver for MIMO VLC system, which uses a diaphragm with several apertures to cover the planar PDs array. The incident light cannot be detected by PDs unless it passes through the aperture on the diaphragm. So we can arrange the apertures specifically to assign different directions of FOV to each PD, which means the PDs will have deflected FOVs instead of uniform vertical FOV, which will lead to better diversity of sub-channels and the well-conditional channel matrix. Then the performance of signal-noise-ratio (SNR) and BER in a typical indoor MIMO VLC system are presented by simulation, where, particularly, the DC-biased Optical OFDM (DCO-OFDM) modulation is employed to improve the bandwidth efficiency [16] , and the precoding method and water-filling algorithm are also used to improve the power efficiency. In the simulation, the optimal structure parameters of the receiver are analyzed. Then, the BER curves are displayed to verify the performance of precoding method and different power allocation algorithm. Finally, the performance of maximum data rate under fixed power and minimum power consumption under fixed data rate are demonstrated with and without precoding method by comparison. The results show that with precoding method and water-filling algorithm, it can raise the data rate by about 17~58 percent than that without precoding and the decrease of 4dB~8dB for power consumption is also achieved on the average. Fig. 1 shows the structure of the proposed deflected FOVs receiver. The receiver consists of two parts: a planar PDs array (bottom layer) and a diaphragm with several apertures (top layer). There is a one-to-one correspondence between one single PD in the planar array and one single aperture on the diaphragm, but their centers are not aligned in the vertical direction as Fig.2 shows, where O is the center of PD 1 and A is the center of aperture 1. In general, the single receiving element of the receiver is described in Fig. 2 , which reveals the working principle of better diversity for sub-channels. The position of aperture 1 on the diaphragm is arranged with the vertical gap of g and the horizontal offset of f from the PD 1.
II. STRUCTURE OF THE DEFLECTED FOVS RECEIVER
Obviously, AA' and OA' represent the g and f in Fig. 2 , respectively. We safely assume that one signal light reaches from a certain direction and the signal light can be detected by PDs only if it passed through the aperture 1. The overlapping area, described in Fig. 2 , is the effective area for PD1 to detect the signal light. Because the incident light goes through the aperture and forms the light spot on the plane of PDs, then the light spot and the PD1 will have an overlapping area where the PD1 will detect the incident light signal and convert to the electric signal. The signal lights from different directions will generate various overlapping areas for each PD in the planar array. It means the FOVs of the PDs are differently deflected instead of the uniform vertical FOV. The channel gain from the p-th LED and the q-th PD can be expressed as [7] : (1) where is the effective area of the PD, m is the order of the Lambertian distribution. is the angle of emission, is the angle of incidence, d denotes the distance between the LED and PD, and FOV denotes the FOV of the PD. In general, because the PDs in the planar array are placed too closely, if without the diaphragm, the values of channel gain from one LED to these PDs are very similar or even almost identical. This will lead to too high correlation and ill-conditional channel matrix, which means the de-multiplexing signal value will great change for a small change of the received signal value. By contrast, due to the various overlapping areas formed by diaphragm, which means there are different effective areas for each PD, the values of channel gain will make a great difference. Hence, as long as we arrange the apertures' positions on the diaphragm specifically, each PD will own its unique deflected FOV and the well-conditional channel matrix can be achieve. The multiplexing gain can be improved significantly for MIMO VLC system even though Systems (ICTUS'2017) , Dec. 18-20, 2017, ADET, Amity University Dubai, UAE there may be a large attenuation to the received signal power at the receivers [15] .
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III. DCO-OFDM BASED MIMO VLC SYSTEM WITH PRECODING METHOD AND POWER ALLOCATION ALGORITHM
In this section, the DCO-OFDM [16] based MIMO VLC system with precoding method and power allocation algorithm is described. The serial bit streams are converted into N t parallel and modulated into OFDM symbols respectively, where Quadrature Amplitude Modulation (QAM) are adopted. The independent bit streams are transmitted by N t LEDs and detected by N r PDs at proposed deflected FOVs receiver. The paper [4] revealed that the lineof-sight (LOS) component is usually much stronger than the diffuse component, therefore multi-path effect and time delay of the optical signal can be ignored for indoor VLC channels. Consider a period of time t, the signal stream of each LED is denoted by
Fig. 1 Working principle of deflected FOVs
Due to the large difference of SNR among sub-channels and considering CSIT scenario, it exists the best and worst subchannel, where we can adopt the precoding method to separate these sub-channels using singular value decomposition (SVD) algorithm, and design the power allocation algorithm. Firstly, the SVD decomposition of the channel matrix H is donated by H U V, where U and V is orthogonal matrix, is diagonal matrix. Thus the transmitted signal X can be pre-coded and the precoding matrix F is set to the transposition of V in this paper. So the received signal Y is changed as:
Particularly, we can design different P to meet the different requirement of quality of service (QoS), for example, P= I means the equal power allocation, P S means the further enhancement of SNR of best sub-channel to achieve high QoS condition, and P=S -1 makes all the sub-channels be the same SNR at the receiver. 
IV. SIMULATION RESULT AND ANALYSIS
In this section, the optimal structure parameters of the proposed receiver are analyzed, the BER performance for different P are presented, and the performance of maximum data rate under fixed power and minimum power consumption under fixed data rate are also demonstrated with and without precoding method by comparison. Monte Carlo simulator is used in this section.
A typical schematic of indoor MIMO VLC system is described in Fig. 3 . Several Lambertian LEDs used for illumination and data transmission units are installed on the ceiling. The minimum distance between adjacent LEDs is 2 m. All of them transmit the independent bit streams, and the DCO-OFDM modulation is employed to improve the transmission rate. At the receiver, the deflected FOVs receiver is placed at a vertical height of 3 m below the LEDs.
A. The optimal structure parameters
Fig. 4. Average BER for different g (a) and f optimal g as the function of f (b).
Shown in Fig. 2 , two structure parameters of the deflected FOVs receiver, g and f, will make a great difference to its performance. If the f is set too large, the overlapping area will significantly decrease, which results in the narrow FOVs and less receiving power of signal light. For the parameter of g, the receiver will suffer from bulky construction if it is too high or the similar effective areas of PDs if it is too small. Therefore, we consider to demonstrate the optimal parameters of g and f by simulation in the indoor MIMO VLC system described above. The other parameters used in the simulation are listed in Table. 1.
The receiver is placed at the typical position P1 receiving the bit streams from four LED transmitters simultaneously. The input power is set to be a constant with the variance of . And the noise is AWGN with the variance of . Now we change the value of g from 0 cm to 0.125 cm and the value of f from 0 cm to 0.5 cm. Then the BER of received bit streams is calculated to evaluate the performance. The simulated result is shown in Fig. 4(a) , which indicates that the receiver can achieve the lowest BER only if it satisfies a particular relationship between g and f. In order to better display, the optimal values of g changing as the function of which means the BER is lowest, are shown in Fig. 4(b) . It is obviously found that two parameters are directly proportional. In order to design and implement a compact and convenient receiver, both the gap g and offset f should not be too large. Therefore, we will be able to choose the appropriate optimal structure parameters of the receiver according to the practical application scenario as long as they satisfy the relationship shown in Fig. 4(b) . 
B. Simulated result for different P
After the optimal structure parameters of receiver are obtained, we want to evaluate the performance of BER for different power allocation strategies if the precoding method is applied. The deflected FOVs receiver is placed at P2 and the other simulation parameters are the same as in the Table. 1. We can safely assume that the input power is 30 dBm and the power of AWGN is -30 dBm [15] . In addition, not only the precoding method is tested, but also the conventional linear ZF equalizers is used to compare.
The results are shown in Fig. 5 . The blue lines denote the BER curves of single LED and the red denotes the average BER of four LEDs. If without precoding method, the BER performances of four LEDs are shown in Fig. 5(a) . By contrast, using the precoding method and P = 1, shown in Fig. 5 (b), three best sub-channels can decrease their BER at the cost of the increase of BER of the worst sub-channel. Furthermore, if , shown in Fig. 5(c) , it will enhance significantly the performance of the best sub-channel but others will become worse. Consider the case that different sub-channels need different requirement of QoS like video and voice, so we can transmit video signal on the better subchannel and voice signal on the worse sub-channel. Another one, under very bad channel statement, all of the sub-channels without precoding cannot work due to too low SNR, however maybe one sub-channel can be enhanced greatly to communication if
. In addition, if let -1 , shown in Fig. 5(d) , four sub-channels will have the same BER performance because more power is allocated to worse subchannels. From the point of average BER, when , the average BER becomes too high due to the worst sub-channel, so we can select the better sub-channels , although it has the best average BER performance, the achieved data rate cannot be the highest one because the power efficiency is too low.
C. Simulated result for water-filling algorithm
To improve the power efficiency and data rate, water-filling algorithm is applied to allocate the limited signal power. We test the SNR distribution of four sub-channels using precoding method and equal power allocation, then increase one level of modulation order of QAM to the sub-channel which costs the lowest signal power. Similarly, we compare the performance between without and with precoding. Firstly, if the signal power is fixed and set to 30dBm, the maximum data rate can be calculated at all the points of area, the results are shown in Fig. 6 . It indicates that the achieved data rate is higher in the centre area than in the corner area no matter using precoding method or not. Then, by comparison, the overall data rate with precoding and water-filling algorithm can increase the data rate by about 17~58 percent than that without precoding. Particularly, it is improved more significantly at the corner area, which means the precoding method and water-filling algorithm is more effective when the channel statement is worse, like at the corner. Secondly, to achieve the fixed data rate, the minimum requirement of signal power is tested, too. The distribution laws are similar than the above simulation, which is shown in Fig. 7 . We can find that the power consumption decrease of almost 4dB~8dB is presented at all the area. Consequently, due to the feather of deflected FOVs receiver, the channel matrix will become well-condition and the channel gain will get higher [15] . In the meanwhile, because of the large diversity among sub-channels, the precoding method and water-filling algorithm can improve significantly the performance of data rate and power efficiency for the proposed MIMO VLC system.
V. CONCLUSIONS
In this paper, we present a deflected FOVs receiver for an indoor MIMO VLC system, which uses a diaphragm with several apertures to cover a planar PDs array. The working principle and structure of receiver are described in detail. A typical indoor MIMO VLC system is established to demonstrate the performance of BER. The optimal structure parameters of the receiver are proved to have a particular relationship. Then, comparisons of different power allocation strategies are given with or without precoding method. The result shows that different power allocation strategies can lead to different BER distribution, which should be selected depended on the practical scenarios. Finally, the maximum data rate and minimum power consumption are presented, which proves that the precoding method can be a promising technology for our proposed MIMO VLC system.
VI. FUTURE WORKS
In the paper, we only reported the latest work in VLC area with a focus on how to design and utilize deflected Field-ofViews receiver for indoor MIMO system. In order to make VLC system really applicable for the indoor applications, we have also worked in the areas such as coding and modulation, signal frame structure design, using RGB to further increase the data throughput, the integration between the wellestablished powerline communication technologies and VLC for better coverage and low-cost network structure, duplex scheme appropriate for VLC system, and spectrum allocation to accommodate both high-speed VLC transmission together with localization services using LED. Our plan is to prototype the overall system after the individual technology has been well researched with the implementation issues taken into considerations.
